Abstract Increasing crop nitrogen use efficiency while also simultaneously decreasing nitrogen accumulation in the soil would be key steps in controlling nitrogen pollution from agricultural systems. Long-term field experiments were started in 2003 to study the effects of intercropping on crop N use and soil mineral N accumulation in wheat (Triticum aestivum L. cv 2014)/maize (Zea mays L. cv Shendan16), wheat/faba bean (Vicia faba L. cv Lincan No. 5) and maize/faba bean intercropping and monocropping systems.
Introduction
Most nitrogen (N) pollution results from human activities (Giles 2005) , especially linked with the use of N fertilizers in intensive agriculture Köhler et al. 2006) . Nitrogen use efficiency in Chinese agriculture can be as low as 30% (Lu et al. 1998) , and in the short-term most of the fertilizer N accumulates in the soil instead of being taken up by crops (Zhu and Chen 2002) . Surplus soil N can lead to a number of environmental problems: nitrate leaching can lead to groundwater pollution which can affect human health and eutrophication of streams, rivers, and the ocean, and surplus N in the soil also can be lost in gaseous forms which have been implicated as key gases driving climate change (Robertson and Vitousek 2009) . Increasing crop N use efficiency and simultaneously decreasing N accumulation in the soil has therefore become an urgent priority for agricultural production (Schlesinger 2009 ).
Numerous studies have indicated that intercropping is a sustainable agricultural system that has the potential to increase crop yields and crop N uptake (Vandermeer 1989) . Interspecific competition and facilitation interactions are the main mechanisms involved in the advantages obtained from intercropping. Monocultures often cannot fully utilize available space and resources (soil resources and light), but two species intercropped together can use space and resources more efficiently where they occupy different niches. When the niches are similar, species compete intensely for light and soil resources. However, environmental changes made by one species may provide benefits to the associated species, for example by N fixation, and these are referred to as facilitation interactions (Vandermeer 1989) . In legume/cereal intercropping systems, cereals are more competitive than legumes for soil inorganic N (Jensen 1996) . Competition from intercropped cereals induces legumes to fix more atmospheric N 2 and the proportion of total N in legumes derived from N 2 fixation is higher in intercropping than in monocropping Jensen 1996) . Effective legume/cereal intercropping systems may therefore use the complementary N strategies of the partner species in the utilization of N resources, and the N use efficiencies of intercropping systems are higher than those of sole crops (Hauggaard-Nielsen et al. 2001) . Li et al. (2001b) showed that, in wheat/maize intercropping (cereal/cereal intercropping combinations), competition from wheat inhibits maize growth while increasing wheat growth, but maize growth can recover about 2 months after the wheat harvest; the final result is increased N uptake of both intercropped crops, and this is referred to as the competitionrecovery production mechanism. Hauggaard-Nielsen et al. (2003) showed that, after crop harvest, N leaching tends to decrease in pea/barley intercropping, where N yield is lower than with sole pea, and but much higher than in sole barley, so that intercropping systems occupied an intermediate position in temrs of N losses. In other studies, soil nitrate accumulation was found to be significantly lower in the soil profile under intercropped crop rows compared to monocropping rows (Li et al. 2005) .
Wheat/maize, wheat/faba bean, and maize/faba bean are the main intercropping combinations adopted by farmers in northwest China. Our previous studies indicate that these intercropping combinations can significantly increase N use (Li et al. 1999 (Li et al. , 2001a and have some potential to decrease soil nitrate accumulation (Li et al. 2005) . However, these short-term studies were all based on experiments conducted in different fields for only 1 or 2 years. Few studies have focused on long-term effects of interspecific interactions on soil mineral N accumulation in intercropping systems, and there are few reports in the literature on rotational intercropping effects on mineral N utilization and accumulation. Therefore, the aims of the present study were to determine the differences between continuous and rotational intercropping in crop N uptake and soil mineral N accumulation, and to evaluate the long-term effects of intercropping on crop N use and soil mineral N accumulation in wheat/maize, wheat/faba bean and maize/faba bean intercropping systems.
Materials and methods

Field experiments
The field experiments were conducted at Baiyun Experimental Station, Institute of Soil, Fertilizer, and Water Saving, Gansu Academy of Agricultural Sciences, located 15 km north of Wuwei City (38°37′N, 102°40′E), Gansu province, northwest China. The experimental site has a typical arid climate. The altitude is 1,504 m above sea level and the annual average temperature is 7.0-7.7°C. Annual rainfall and evaporation are 150 and 2,021 mm, respectively. The soil in the experimental field has a pH (in water) of 8.2, available P (Olsen-P) of 21.2 mg kg −1 and organic C of 20 gkg The long-term field intercropping experiment commenced in March 2003 and consisted of three crop species (wheat, maize and faba bean) and three intercropping combinations, i.e. wheat and maize (W+M), wheat and faba bean (W+F) and faba bean and maize (F+M). Each intercropping combination had three agronomic patterns, i.e. continuous monocropping, continuous intercropping and rotational intercropping. The details of the nine intercropping combinations are as follows.
(1)-(3) continuous monocropping of wheat, W(C); maize, M(C); and faba bean F(C); (4) wheat and maize continuously intercropped on the same field strips, W&M(C); (5) wheat and maize intercropped rotationally on each other's field strips every year, W&M(R); (6) wheat and faba bean continuously intercropped, W&F(C); (7) wheat and faba bean rotationally intercropped, W&F(R); (8) maize and faba bean continuously intercropped, M&F(C); and (9) maize and faba bean rotationally intercropped, M&F(R).
Wheat (Triticum aestivum L. cv 2014) and faba bean (Vicia faba L. cv Lincan No. 5) were sown in the middle of March and harvested in the middle of July (wheat) or the last 10 days of July (faba bean). Maize (Zea mays L. cv Shendan16) was sown in the middle of April and harvested at the beginning of October (Fig. 1) . Co-growth stages of the different crops are shown in Fig. 1 . Fertilizer N (225 kg ha −1 ) and P (40 kg ha −1 ) were applied every year. Two-thirds of the N fertilizer was applied as a basal dressing and the remainder was applied at the jointing stage of wheat. All P fertilizer was applied as a basal dressing. Plot size was 8 m×5.6 m and the width of all the intercropping strips was 1.6 m (Fig. 2) . Row distances of wheat, maize and faba bean were 0.13, 0.40 and 0.20 m, respectively. In wheat/maize continuous intercropping and wheat/maize rotational intercropping, there were six rows of wheat and two rows of maize in one intercropping strip. In wheat/faba bean continuous intercropping and wheat/faba bean rotational intercropping, there were six rows of wheat and four rows of faba bean. In maize/faba bean continuous intercropping and maize/faba bean rotational intercropping, there were two rows of maize and four rows of faba bean. The experimental treatments were arranged in randomized blocks with three replicates. All plots were irrigated seven times according to conventional local farming practice to avoid water stress throughout all growth stages and irrigation was applied at the same times each year. The first irrigation was applied on 20-25 April ).
Sample collection and measurement
Soil and plant samples were collected in 2006 and 2007 (the 4th and 5th years of the long-term experiment). Soil samples were collected twice each year ( Fig. 1) , i.e. on 28 July (first sampling) and 2 October (second sampling) in 2006, and 29 July (first sampling) and 28 September (second sampling) in 2007. Soil samples were collected by auger and divided into depth increments of 20 cm (0-20, 20-40, 40-60, 60-80, 80-100, 100-120, and 120-140 cm) . No samples were collected from the rock and sand parent material below 140 cm. Four soil cores were collected from each plot (Fig. 2 ). For intercropping, two cores were taken from rows of one crop and mixed thoroughly (sample point one in Fig. 2 ) for each soil depth category, and the other two were taken from rows of the second crop and mixed thoroughly (sample point two in Fig. 2 ) for each soil depth category. In the monoculture plots, four soil cores were collected from each plot and mixed thoroughly. After collection, the soil cores were taken to the laboratory and passed through a 2-mm sieve. Twelve grams of fresh soil were extracted with 100 mL 0.01 mol L −1 CaCl 2 . Another 20-g subsample of fresh soil was used to determine soil water content by oven drying at 105°C for 48 h. Soil extracts were analyzed by continuous flow analyzer (TRAACS 2000; Bran and Luebbe, Norderstedt, Germany) to determine soil mineral N (NH 4 + +NO 3 − − N) concentrations. Soil bulk densities at 0-20, 20-40, 40-60, 60-80 and 80-100 cm soil depths were determined before N fertilization and crop sowing, by the cutting ring method as used in a previous study (Li et al. 2009 ). Plant samples were collected on two occasions, first at maturity of faba bean or wheat and second at maturity of maize. The first sampling included faba bean, wheat and maize, and the second was of maize only. Plant samples were oven dried at 105°C for 30 min and then at 70°C for 3 days. Dried plant samples were ground and stored in small bags. Total N concentrations of plant samples were determined 
Data analysis
Crop N uptake and soil mineral N (concentration or accumulation) were calculated as follows:
where Niab refers to crop N uptake or soil mineral N accumulation of crops a and b in different intercropping combinations (continuous and rotational intercropping). N ia and N ib are crop N uptake (or soil mineral N accumulation) of intercropped crops a and b, based on actual aboveground biomass (or soil weight) and plant tissue N concentration (or soil mineral N concentration), respectively, where a and b are wheat, maize and faba bean in different intercropping combinations.
where Nsab refers to crop N uptake or soil mineral N accumulation in the monocropping treatments based on cover proportion of individual crops in corresponding intercropping. N sa and N sb are crop N uptake or soil mineral N accumulation of sole crops a and b, respectively, where a and b are wheat, maize and faba bean in different intercropping combinations. All crops in the field experiment occupied half of the total intercropping area, giving a coefficient for relative area of 0.5. Land equivalent ratio (LER) is frequently used to assess intercropping advantages. If LER is more than 1.0, there is an advantage of intercropping. In contrast, if LER is less than 1.0, there is no interspecies advantage (Vandermeer 1989) . We used LER for N yield to assess N use advantage of intercropping, defined as follows:
where N ia and N sa are the crop nitrogen uptake values of crop a in a given intercropping combination and monocropping, respectively, and N ib and N sb are the crop nitrogen uptake values of crop b in a given intercropping combination and monocropping treatment, respectively, where a and b are wheat, maize or faba bean in different intercropping combinations. Nitrogen harvest index (NHI) is frequently used to assess nitrogen transport from shoots and leaves to grains of crops. NHI of wheat, maize and faba bean was calculated as follows:
where N grain and N aboveground biomass are nitrogen uptake of grain and crop biomass in a given intercropping combination (continuous and rotational intercropping) and monocropping treatments, respectively. Following checks for normality of data, data were subjected to analysis of variance using the SAS software package (SAS Institute 2001) . Mean values were compared by least significant difference (LSD) at the 5% level.
Results
Crop nitrogen uptake, grain nitrogen level and nitrogen harvest index of individual crops in different cropping systems There was no significant difference in crop N uptake or grain N level of wheat for treatments with monocropping, intercropping with maize continuously and rotationally, and intercropping with faba bean continuously and rotationally in either year. However, the nitrogen harvest index of wheat rotationally intercropped with maize was higher than that of either continuous sole wheat or wheat continuously intercropped with maize in 2006, although there was no significant difference between the values in the different cropping systems (Table 1) . Crop nitrogen uptake by wheat was lower in the 4th (137-169 kg N ha (Table 1) . Crop nitrogen uptake by faba bean was influenced by intercropping with wheat but not with maize. Crop nitrogen uptake by faba bean intercropped continuously with wheat decreased by 36.5% (P<0.01 in 2007) compared with continuous sole faba bean. Grain N level of faba bean decreased in continuous intercropping with wheat and rotational intercropping with maize in 2007, and the nitrogen harvest index of faba bean decreased in continuous intercropping with wheat compared with continuous sole faba bean. However, rotational wheat/faba bean intercropping alleviated the negative effect of wheat on crop N uptake by faba bean and increased the nitrogen harvest index of faba bean (Table 1) .
Crop nitrogen uptake by maize increased in maize rotationally intercropped with wheat, in maize continuously intercropped with faba bean, and in maize rotationally intercropped with faba bean, compared with maize in monoculture, in both years (Table 1) . Nearly half the total crop N uptake of maize had been taken up by the first sampling occasion (data not shown). Similar to faba bean intercropped rotationally, rotational intercropping with wheat increased maize N uptake compared to continuous sole maize. Grain N level of maize was not influenced by intercropping either continuously or rotationally with wheat or faba bean, but the nitrogen harvest index of maize increased in rotational intercropping with wheat and continuous intercropping with faba bean in 2006. Maize was sampled on the same day as faba bean was harvested at maturity; and mean values for the same crop species in the same year followed by the same letter are not significantly different at the 5% level by LSD (C) Continuous, (R) rotational
Land equivalent ratio (LER) based on crop nitrogen uptake LER N, based on crop N uptake, was largest in faba bean/maize intercropping and was smallest in wheat/ faba bean intercropping among the three combinations (wheat/maize, faba bean/maize and wheat/faba bean) ( Table 2) .
Soil mineral N accumulation under individual crops in the different cropping systems
Soil mineral N accumulation under maize rows was markedly greater than in wheat and faba bean rows and was not influenced by cropping system except for intercropping continuously or rotationally with wheat in 2006 (Table 3) . Compared with continuous sole wheat, wheat and maize continuously intercropped significantly reduced mineral N in the top 100 cm of the soil profile under wheat rows at the second sampling in both 2006 and 2007 (Table 3) , and also in wheat and maize rotationally intercropped in 2006. Wheat intercropped either continuously or rotationally with faba bean significantly increased mineral N accumulation under wheat rows in the surface 100 cm of the soil profile at first sampling in 2007, and rotational intercropping accumulated more mineral N than continuous intercropping. Faba bean intercropped continuously with maize significantly decreased mineral N accumulation (0-100 cm) under faba bean rows at the second sampling compared with continuous sole faba bean (Table 3) . Faba bean intercropped rotationally with maize significantly decreased mineral N accumulation under faba bean rows at 100-140 cm depth at the first sampling in 2006 and 0-100 cm depth at the second sampling in 2007. Moreover, wheat and faba bean rotational intercropping significantly reduced mineral N accumulation under faba bean rows at 0-100 cm depth at the first sampling occasion in 2007.
Soil mineral N accumulation over the whole cropping system
On the first sampling occasion, the combination of wheat and maize accumulated more soil mineral N than the other two crop combinations (Table 4) (Table 4) .
Discussion
Aggressivity is an indicator of interspecific competition in intercropping systems is indicated by relating the yield changes of the two component crops (Willey 1979) . As the dominant crop, the aggressivity of wheat is negative for faba bean, ranging from −0.10 to −0.30, indicating that wheat has stronger competitive ability than faba bean (Agegnehu et al. 2008) . Wheat took up more soil N than did faba bean (Fan et al. 2006) , and higher mineral N accumulation under wheat rows may have alleviated N competition in wheat/faba bean rotational intercropping and improved N uptake by faba bean in the 5th year. Wheat and faba bean were the dominant crops in wheat/maize (Li et al. 2001a) Continuous refers to two intercropped crops continuously intercropped with the same crop on the same strips of land; Rotational refers to two intercropped crops rotationally intercropped with each crop rotated to the other crop's strips each year. Mean values in the same column in the same year followed by the same lower case letter are not significantly different at the 5% level; differences between crop species combinations are indicated by different upper case letters within the same year (5% significance level) and faba bean/maize (Li et al. 1999) intercropping, and N uptake by maize was influenced only by intercropping. Ashton et al. (2008) found that the presence of a neighbor can change both the pattern of N uptake and preference for N form of two co-dominant alpine plants, Acomastylis and Deschampsia. Our data suggest that N facilitation of faba bean occurred when growth of both crops overlapped while interspecies competition of wheat occurred when wheat and maize grew together. Recovery growth after the wheat harvest may have been the main mechanism of N advantage in wheat/maize intercropping (Li et al. 2001b ), especially for maize intercropped rotationally with wheat, and this may have been an adaption by maize to avoid strong interspecific competition.
Increased N removal in harvested crop material is considered to be an important mechanism reducing soil mineral N accumulation in intercropping systems (Li et al. 2005; Urbatzka et al. 2009 ). Studies on catch crops following mixed cropping of pea/cereals (Urbatzka et al. 2009 ) and rotations of legume/rye intercropping followed by maize (KarpensteinMachan and Stuelpnagel 2000) also showed reductions in soil mineral N because of the N use by the catch or subsequent crops. Similarly, soil mineral N under pea declined with mixed cropping with cereals after harvest (Geijersstam and Mårtensson 2006) . Increased N removal by faba bean is likely to be one explanation for the decline in soil mineral N accumulation in the top 100 cm of the profile under Mean values followed by the same letter in each column denote a significant difference in different intercrop combinations in the same soil profile under each crop row at the 5% level faba bean rows (rotationally intercropped with wheat) at the first sampling in the 5th year. Recovery N uptake by maize after wheat and faba bean harvesting was important in reducing mineral N accumulation under wheat and faba bean rows when intercropped either continuously or rotationally with maize. Continuous wheat/maize intercropping increased the risk of N loss compared with faba bean/maize and wheat/faba bean combinations. Wheat-maize rotations are the main high-yielding production systems on the North China Plain and these rotations have been studied in detail (Fang et al. 2006; Zhao et al. 2006) . However, little information has been collected for crop N uptake efficiency and strategies to reduce soil mineral N accumulation in wheat/maize rotational intercropping. We assume that both intercropping and rotational effects will occur in rotational wheat/maize intercropping but the mechanisms involved require further investigation.
The amount of soil mineral N available for wheat increased steadily during continuous intercropping with faba bean; the data of Song et al. (2007) for the early years of this experiment are supported by our findings. Soil mineral N under maize rows was not influenced by intercropping with faba bean after 5 years of cropping but did reduce over time. Average grain yields of maize for the 4 years from 2003 to 2006 were 18,905, 17,363, and 12,813 kg ha −1 for maize continuously and rotationally intercropped with faba bean and with continuous sole cropping, respectively ). Average grain yields of faba bean for the 4 years were 5,242, 5,716, and 4,291 kg ha −1 for faba bean continuously and rotationally intercropped with maize and with continuous sole cropping, respectively ). Crop yields were increased by intercropping after 4 years of planting ), although soil mineral N was tending to decrease with intercropping, suggesting Continuous refers to weighted means of two intercropped crops continuously intercropped with the same crop on the same strips of land; Rotational refers to weighted means of two intercropped crops rotationally intercropped with each crop rotated to the other crop's strips each year; Weighted refers to weighted value of two sole crops based on intercropped area ratio Maize soil mineral N accumulation was sampled on the same day as faba bean harvest at maturity in both 2006 and 2007 Mean values followed by the same small letter denote a significant difference among continuous, rotational and weighted sole intercrop; a different capital letter denotes a significant difference among wheat/maize, faba bean/maize and wheat/faba bean intercropping combinations at the 5% level that intercropping was a sustainable and environmentally friendly production system. In the field experiment, all aboveground plant parts were removed after crop harvest, with only the roots remaining in the field. Root residues of wheat, maize and faba bean remaining in the soil are considered to have some influence on soil mineral nitrogen accumulation. Field experiments show that N release from wheat residues is small (about 2 kg ha −1 in the first year of decomposition) and N is likely to be released in subsequent years (Lupwayi et al. 2006) . In contrast to wheat and maize, the residues of preceding legumes would have tended to increase N inputs into the soil (Herridge et al. 1995; Sharma and Behera 2009) . Research has shown that root and nodule N residues of faba bean contribute 6-28 kg N ha This implies that N facilitation of faba bean occurred not only during the period when growth of both crops overlapped but also when maize was growing alone after the faba bean harvest. Although biological N 2 fixation by legumes or by residues of legumes tends to increase N inputs to the soil (Herridge et al. 1995; Sharma and Behera 2009) , intercropping combinations involving faba bean (maize/faba bean and wheat/faba bean) removed more N and showed some potential to maintain lower mineral N concentrations in the soil profile. Intercropping combinations with different dates of crop maturity have some potential to use the N released from the root residues of the first crop harvested and avoid N loss to the environment. More work is needed to fully elucidate these interactions.
